not PKC412, could inhibit the growth of bone marrow blasts from the leukemic mouse model. Altogether, these results suggest that Nutlin-3 can abrogate AML resistance to FLT3 inhibition and it requires wild-type p53.
Cbl-b is a member of a highly conserved E3 ubiquitin ligases Cbl family and negatively regulates signaling of activated receptor tyrosine kinases, including FLT3. 9 In fact, mice with a loss-of-function mutation of Cbl-b (Cbl-b-C373A) have been shown to exhibit augmented FLT3 signaling and develop a myeloproliferative disease that progresses to leukemia. 10 Cbl-b was expressed in MOLM13-R-PKC412 (which was sensitive to Nutlin-3) but not in MV4-11R-PKC412 (which was resistant to Nutlin-3) (Figure 2a) . Furthermore, Cbl-b expression was up-regulated in FLT3 inhibitor-resistant MOLM13-R-PKC412 when compared with its parental, FLT3 inhibitor-sensitive MOLM13 (Supplementary Figure S1) . These results imply that Cbl-b might be a molecule mediating the therapeutic effects of Nutlin-3. To test the hypothesis, we generated a PKC412-resistant MOLM13-R-PKC412 AML cell line stably transfected with lentivirus encoding shRNA targeting Cbl-b. Although MOLM13-R-PKC412 transfected with control shRNA was sensitive to Nutlin-3, the MOLM13-R-PKC412 transfected with Cbl-b shRNA was largely resistant to Nutlin-3 ( Figure 2b ). In addition, activation of p53 was almost completely impaired in MOLM13-R-PKC412 transfected with Cbl-b shRNA (Figure 2c ). These data indicate that Cbl-b is critical for activation of the p53 pathway by Nutlin-3 and in turn suppression of the growth of FLT3 inhibitor-resistant AML cells.
Another tumor suppressor, ARF for alternative reading frame, acts as a major positive regulator of p53 by binding to and rapidly degrading MDM2, thereby stabilizing p53. 11 As shown in Figure 2d , the induction of ARF, as well as of p53, was greatly reduced in MOLM13-R-PKC412 lacking Cbl-b. This indicates that Cbl-b is crucial for activation of the ARF-p53 axis in FLT3 inhibitorresistant AML cells.
Previous studies have shown that ARF is negatively regulated by the E3 ubiquitin ligase Siva1. Siva1 negatively regulates p53 activities by impeding interaction between ARF and MDM2 as well as by ubiquitination and degradation of ARF. 12 Knockdown of Siva1 stabilizes ARF and p53, whereas ectopic expression of Siva1 destabilizes ARF and p53. 12 As ubiquitin ligases are frequently regulated by other ubiquitin ligases, we hypothesized that E3 ubiquitin ligase Cbl-b may ubiquitinate Siva1 and accelerate its degradation, thereby in turn activating the ARF-p53 axis. In fact, we have demonstrated that Nutlin-3 could downregulate Siva1 protein, and proteasome inhibitor MG132 was able to largely abrogate it (Supplementary Figure S2) . This suggests that downregulation of Siva1 by Nutlin-3 is mediated through the proteasome pathway and subsequent degradation. As shown in Figure 2e , knockdown of Cbl-b led to an increase in the level of the Siva1 protein, which indicates that Cbl-b accelerates degradation of Siva1. Treatment with Nutlin-3 increased the physical association of Cbl-b with Siva1 ( Figure 2f) Figure S3) . In the absence of Cbl-b, ubiquitination of Siva1 was diminished (Figure 2g ). Collectively, these results suggest that Cbl-b ubiquitinates Siva1, which is followed by degradation of Siva1.
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Our data in this study have demonstrated that Cbl-b downregulates Siva1 through ubiquitination, which in turn results in induction of p53. It led us to hypothesize that the expression level of Siva1 may be correlated with prognosis of AML patients. Using a publicly available human AML data set, we analyzed the association between the expression of SIVA1 and survival of AML patients. As shown in Figure 2h , AML patients with higher expression level of SIVA1 showed significantly worse survival compared with those with lower expression level of SIVA1. These data suggest that SIVA1 may be an adverse prognostic marker for survival of AML patients.
In this study, we have demonstrated that activation of the p53 pathway by Nutlin-3 was able to overcome AML resistance to FLT3 inhibition. We have also shown that the E3 ubiquitin ligase Cbl-b is crucial for activation of the p53 pathway through ubiquitinating and promoting degradation of Siva1, the E3 ubiquitin ligase targeting ARF, a positive regulator of p53. On the basis of our data presented in the study, we propose the model (Figure 2i ) that Cbl-b negatively regulates Siva1 by ubiquitination and subsequent degradation of Siva1, which is followed by stabilization of ARF. This in turn downregulates MDM2, thereby promoting the induction of p53 and activation of its downstream targets.
Although Nutlin-3 targets MDM2 to activate the p53 pathway, previous studies suggest that the sensitivity of tumor cells to Nutlin-3 is largely determined by the expression of tumor suppressor ARF. In tumor cells, knockdown of ARF (p14 ARF ) attenuated the response to Nutlin-3, which was evidenced by increased tumor cell viability as well as reduction of the expression of p53 target genes. 13 These data are corroborated by the data from the p53 knock-in mouse model of lymphoma showing that p53 reactivation strongly selects for the emergence of p53-resistant tumors through inactivation of either p53 or ARF.
14 These results may explain our data showing that AML cells lacking Cbl-b were resistant to Nutlin-3. Without Cbl-b, the expression of ARF was greatly diminished and loss of ARF attenuated the sensitivity of AML cells to Nutlin-3 (Figures 2b and d) . Furthermore, our data indicate that the occurrence of aberrations in ARF needs to be taken in consideration for the development of therapies harnessing the p53 pathway against AML.
Previous studies have shown that Siva1 negatively regulates p53 expression and regulates cell cycle progression and proliferation in an ARF/p53-dependent manner. 12 This suggests that Siva1 promotes tumorigenesis. Indeed, conditional knockout of SIVA1 inhibited tumorigenesis in KRAS-driven non-small cell lung Letters to the Editor cancer (NSCLC) mouse model, suggesting that Siva1 facilitates tumorigenesis. 15 Similarly, SIVA1 knockdown in both mouse and human NSCLC cell lines decreased proliferation and transformation. Consistent with this pro-tumorigenic role for Siva1, a higher level of SIVA1 expression correlated with reduced NSCLC patient survival. 15 These data also support the notion that SIVA1 can be an adverse prognostic factor for AML (Figure 2h) .
In summary, our study here has shown that reactivation of p53 by Nutlin-3, an MDM2 antagonist, could be effective against FLT3 TKI-resistant AML. RG7112, an MDM2 antagonist that belongs to the Nutlin family of compounds, has been evaluated in a Phase I clinical trial in AML. 16 A second generation p53-MDM2 inhibitor, RG7388, is currently undergoing clinical evaluation. If proven to be safe and relatively non-toxic, further evaluation of these agents should be undertaken alone or in combination with FLT3 TKIs in AML patients that showed resistance to FLT3 TKIs, along with assessment of alterations in the Siva1-ARF-p53 axis. AML cell line stably transfected with either control or Cbl-b shRNA was treated with Nutlin-3 (2.5 μM) for the indicated time periods. Cells were then harvested and subject to immunoblotting to detect p53 and ARF. This is the representative of two separate experiments. (e) MOLM13-R-PKC412 AML cell line stably transfected with either control or Cbl-b shRNA was treated with vehicle control or Nutlin-3 (2.5 μM) for 4 h. Cells were then harvested and subject to immunoblotting to detect Siva1. Actin was used as a loading control. This is representative of two separate experiments. (f) MOLM13-R-PKC412 AML cell line was treated with Nutlin-3 (2.5 μM) for 4 h. Harvested cells were lysed with RIPA buffer, which was followed by immunoprecipitation using anti-Siva1 antibody or control IgG. Immunoprecipitated proteins were then subject to immunoblot to detect Cbl-b and Siva1. (g) MOLM13-R-PKC412 AML cell line stably transfected with either control or Cbl-b shRNA was treated with Nutlin-3 (2.5 μM) for the indicated time periods. Cells were lysed and whole cell lysates were immunoprecipitated using anti-Siva1 antibody, which was followed by immunoblotting to assess ubiquitination using anti-ubiquitin antibody. This is representative of two independent experiments. (h) Kaplan-Meier survival curve from human AML data set (GSE12417) generated using SurvExpress and gene expression from the SIVA1 probe 203489_at. SIVA1 expression levels: low, green; high, red. Statistical significance was analyzed by log-rank test.
(I) Model of regulation of the Siva1-ARF-p53 axis by E3 ubiquitin ligase Cbl-b in AML. Cbl-b negatively regulates Siva1 by ubiquitination and subsequent degradation of Siva1, which is followed by stabilization of ARF. This in turn downregulates MDM2, thereby induction of p53 and activation of its downstream targets for the suppression of tumor growth
